Abstract | NMDA receptors are preeminent neurotransmitter-gated channels in the CNS, which respond to glutamate in a manner that integrates multiple external and internal cues. They belong to the ionotropic glutamate receptor family and fulfil unique and crucial roles in neuronal development and function. These roles depend on characteristic response kinetics, which reflect the operation of the receptors. Here, we review biologically salient features of the NMDA receptor signal and its mechanistic origins. Knowledge of distinctive NMDA receptor biophysical properties, their structural determinants and physiological roles is necessary to understand the physiological and neurotoxic actions of glutamate and to design effective therapeutics.
Glutamate is the main chemical transmitter in the CNS, where it initiates and regulates a wide array of physiological events. Ongoing glutamatergic signalling is essential for neuronal viability, the normal functioning of the nervous system circuitry, and for many vital behavioural responses to environmental challenges and experiences 1 . The ubiquity of glutamate as a neurotransmitter in the brain and spinal cord poses an important processing challenge to neurons: how to derive information that regulates widely different molecular events from a single chemical signal? Among the molecular transducers that have evolved to sense glutamate transients and to interpret their informational content, the ionotropic glutamate receptor (iGluR) family encompasses structurally related glutamate-gated excitatory channels that differ in their sensitivities and responses to this ubiquitous chemical signal 2, 3 . Regulated expression of receptor subunits endows neurons with specific complements of iGluR family members that transduce external glutamate transients into distinct cellular signals. How receptors with related structures support biologically diverse signals is not known.
Within the iGluR family, NMDA receptors (NMDARs), AMPA receptors (AMPARs) and kainate receptors have largely similar structures [4] [5] [6] [7] [8] [9] (FIG. 1a) ; however, from each receptor type, glutamate elicits excitatory currents with class-specific kinetic characteristics. Most excitatory synapses have a mix of AMPARs and NMDARs, and the excitatory postsynaptic current (EPSC) reflects this heterogeneity. Following a synaptic stimulus, AMPAR currents rise and subside fastest; they determine the onset and maximal amplitude of the EPSC. By contrast, postsynaptic NMDAR currents (NMDAR-EPSC) rise and decline more slowly; thus, they set the decay of the EPSC and strongly influence the total positive charge entering the cell (FIG. 1b) . Given the overall similar architectures of AMPARs and NMDARs, it is likely that the biologically relevant attributes of their output originate from subtle differences in atomic arrangements.
Among the most recognizable features of synaptic NMDAR currents are their slow rise, extended durations, high Ca 2+ content and acute sensitivity to voltagedependent blockage 2 . However, even these signature traits vary substantially with neuronal type and developmental stage (FIG. 1c) . A major obstacle to understanding how functional variations arise from structure and how they affect biology is that the molecular composition of native NMDARs is yet undefined. Here, we summarize current knowledge of the physiological output and biophysical operation of molecularly defined NMDARs in vitro, and describe how these relate to signals produced in situ by synaptic and non-synaptic receptors.
Observing the NMDAR output NMDARs are heterotetramers of seven genetically encoded, differentially expressed subunits: GluN1, which is processed into eight molecularly distinct splice variants, four GluN2 (GluN2A-GluN2D) and two GluN3 (GluN3A-GluN3B) [10] [11] [12] [13] . Thus, the functional differences observed across native preparations reflect, at least in part, the distinct composition of their subunit complement, as well as cell-specific and synapse-specific modulatory factors. However, the exact composition of native receptors is not known, because the expression patterns of individual subunits overlap substantially, and subunits can combine in different ways to produce a broad diversity of tetrameric receptors Excitatory postsynaptic current (EPSC) .The net flow of positively charged ions into a postsynaptic neuron observed in response to spontaneously occurring or experimentally evoked neurotransmitter release. In the mammalian CNS, this current is the glutamate-gated electrical output of multiple synaptic receptors (synaptic ionotropic glutamate receptors).
These approaches established that functional glutamatergic NMDARs contain at least one GluN1 subunit, providing a functionally required glycine-binding site, and at least one GluN2 subunit, providing the neurotransmitter-binding site. Further, molecular composition strongly influences the class-specific signatures of the NMDAR current: kinetics, Ca 2+ content and voltage dependency of the block [15] [16] [17] [18] [19] [20] . Thus, if considering together diheteromeric GluN1-GluN2 and triheteromeric GluN1-GluN2-GluN3 combinations, the known subunits and splice variants can assemble in as many as 756 distinct molecular entities. Currently, functional characteristics are known for a small number of NMDAR subtypes, and the atomic structure of only one (GluN1-GluN2B) (FIG. 1a) has been reported 4, 5, 21 . These facts highlight the considerable gap in understanding how distinctive properties of NMDAR currents arise, are controlled and influence cellular responses. Given the many essential functions of NMDARs in physiology and neuropathology, these barriers must be surmounted. When attempting to characterize responses from distinct subunit combinations in vitro, it is instructive to distil from the available literature the features of the NMDAR response that are most salient for the biological roles of the receptors and how these relate to receptor structure.
Abundant research indicates that the biological purpose of NMDARs is to sense the simultaneous presence of glutamate and a range of other (chemical, metabolic and physical) cues, and to respond by gating a Ca 2+ -rich cationic current that integrates and reflects this information 22 . Their sensory function is accomplished by external epitopes that recognize diffusible ligands, such as glutamate, glycine, H + , Zn 2+ , and so on. Their ionotropic function is accomplished by the controlled gating of a transmembrane pore that allows substantial flow of Na + , K + and Ca
2+
. Both binding and gating reactions originate from structures that are specific to each NMDAR protein and influence important properties of the current 10 . These reactions can be modified by environmental and cellular factors, including membrane tension, structural and signalling proteins, and enzymatic modifications 23 . To understand how molecular structure and the environment control NMDAR output, it is necessary to know how the receptive and ionotropic functions of NMDARs are coupled.
Efforts to understand how NMDAR currents arise and are modulated were stimulated by the observation that the EPSC has a substantial NMDA-responsive constituent, which controls EPSC decay kinetics 24 . The EPSC decay is a strong modulator of synaptic summation and plasticity 25 , therefore, research was immediately focused on examining the time course of the NMDAR-EPSC decay at different central synapses (FIG. 1c) . However, it was soon appreciated that a large fraction of NMDARs is also present at non-synaptic locations where they serve separate cellular functions [26] [27] [28] . Because non-synaptic 143, 144 . c | NMDAR-EPSCs differ in maximal amplitude and kinetics across synapse development: hippocampal synapse at postnatal day 10 (P10) compared with P30 (top panel) 102, 103 ; cellular type: cerebellar synapse compared with spinal synapse (middle panel) 19, 145 ; and synaptic state: spinal synapse before and after induced neuropathic pain (bottom panel) 146 . (BOX 1; FIG. 1b,c) . Relative to the AMPA-gated currents, the NMDA-gated currents rise more slowly and have substantially longer biexponential deactivations, which dominate and control the decay phase of the EPSC (FIG. 2a) . The EPSC decay time sets the interval over which incoming stimuli summate to influence synaptic transmission, plasticity and the computational properties of the dendritic network. Importantly, NMDAR kinetics also control the high content of Ca 2+ that is fluxed by NMDAR-EPSCs. To address the experimental limitations imposed by the anatomy of synapses, synaptic-like responses are elicited in vitro with fast-perfusion techniques.
Outside of synapses, synaptic-like responses are reproduced by applying exogenous glutamate in pulses of controlled duration and concentration (1 ms; 1 mM) onto membrane patches that are excised from cell bodies expressing endogenous or recombinant NMDARs 137 reveal synapse-specific kinetics (see the figure, part a) 138 . A polished glass pipette filled with intracellular-like solution (recording electrode) is pushed onto the somatic membrane of a neuron to form a high-resistance seal. Next, light suction or a brief electric shock ruptures the membrane and connects the intracellular milieu with the recording-electrode solution. This approach can register spontaneous currents and EPSCs evoked by electrical stimulation of afferent pathways (stimulating electrode). The NMDAR component recorded at the soma represents the sum of responses across all stimulated synapses (inputs 1-4), which can differ in kinetics and amplitude. The molecular composition of responding receptors is not known and is currently inferred with pharmacological or genetic methods. Synaptic-like macroscopic or microscopic currents (see the figure, part b) can be elicited from somatic (or recombinant) receptors by exposing them to brief (~1 ms) pulses of glutamate (Glu)-containing solution (with glycine (Gly) present) by rapid piezo-driven movement of theta-shaped double-barrelled flow pipes 43, 88, 95 . A small cell or an excised membrane patch is first attached to the recording electrode, and then lifted and positioned into the Glu-free stream of the theta tube; next, a piezo-driven actuator moves the perfusion pipette rapidly (0.2 μs) back and forth to expose receptors to the Glu-containing stream. Glu concentration, the residence time in each stream and the stimulus frequency can all be controlled experimentally, thus mimicking synaptic-like exposures while recording time-dependent current amplitudes; in addition, this method is amenable to recombinant preparations in which receptor identity is also controlled. However, patch excision isolates the channel from intracellular factors that may be important in gating and imposes physical deformations onto the cellular cortex. [35] [36] [37] and by intracellular effectors [38] [39] [40] . Thus, the NMDAR-EPSC decay is determined by the receptor subtype that is expressed and, on a faster timescale, by external diffusible modulators and intracellular signalling.
Measuring non-synaptic output. In contrast to synaptic NMDARs, non-synaptic NMDARs experience shallower and more-prolonged glutamate transients. Thus, instead of producing discrete, rapidly fluctuating signals, they generate long-lasting sustained currents. Much less is known about the kinetics and modulatory mechanisms of native non-synaptic receptor currents, largely because the origins, levels and kinetics of non-synaptic glutamate transients are poorly defined. Non-synaptic receptor currents can be isolated and observed in synaptically connected neurons by first blocking synaptic receptors with a slowly dissociating pore blocker (MK-801)
. These experiments have revealed unique cellular outcomes of non-synaptic NMDAR currents 41, 42 . However, this approach lacks the recording resolution that is necessary to register kinetic information about the response. For this reason, non-synaptic NMDAR behaviours are typically investigated in isolated cells or excised patches exposed to prolonged (>2 s) applications of exogenous glutamate.
In native preparations, extrasynaptic AMPARs desensitize rapidly and fully (>99%) such that their contribution to the observed sustained current is negligible. By contrast, studies with recombinant NMDARs showed that NMDAR desensitization is incomplete, varies among the recombinant NMDAR subtypes that are examined so far and is controlled by diffusible ligands and cellular factors [43] [44] [45] On the basis of these observations, it is believed that tonic activation of non-synaptic NMDARs represents the main mechanism of excitation by extrasynaptic glutamate. By contrast, it remains unclear to what extent synaptic receptors desensitize during synaptic transmission and whether regulated changes in desensitization kinetics modulate the amplitude and decay phase of the NMDAR-EPSC in response to a single pulse. Notably, desensitization attenuates NMDAR-EPSCs in response to trains of synaptic stimuli.
Whether produced by synaptic or non-synaptic receptors, the cellular excitatory potential is always the summation of mic roscopic currents gated by individual receptors. The specialized architecture of synapses has prevented the direct observation of unitary currents from synaptic receptors; however, both synaptic-like and non-synaptic-like unitary currents have been recorded from somatic and recombinant NMDARs [46] [47] [48] [49] [50] [51] (BOXES 1,2). When observing single-molecule currents in the absence of blockers and allosteric modulators, GluN2A-containing and GluN2B-containing receptors produce unitary currents with relatively large, uniform amplitudes (FIG. 2c) , have high signal-to-noise ratios and provide direct, accurate and precise information about the conductance of the receptors over a range of experimental conditions 46, 52 . Under similar conditions, GluN2C-containing and GluN2D-containing receptors produce currents with multiple smaller conductance levels 45, [53] [54] [55] [56] [57] . In addition, because these currents mark the real-time opening and closing of the observed channel, the record allows direct measurement of open channel durations. These approaches (FIG. 2c,d ) established that unitary NMDAR currents vary in both amplitude and kinetic patterns across native preparations and specific recombinant subtypes 46, 50, 51, 58 . However, until relatively recently, it had been unclear how these microscopic parameters relate to the characteristic features describing macroscopic responses.
Modelling the operation of NMDARs
Because the decay of the NMDAR current sets the decay of the EPSC and is developmentally and regionally regulated, it is important to understand the molecular Box 2 | Recording non-synaptic NMDA receptor output Non-synaptic receptors are, by definition, distant from synaptic release sites; they can be perisynaptic (surrounding the postsynaptic density on the spine head), extrasynaptic (on spine necks or on dendrite shafts), somatic (on the cell body) or axonal (on axons) 10 . Non-synaptic receptors are engaged during high-frequency firing when the buffering capacity of glutamate (Glu) transporters is exceeded. Diffusion laws dictate that, with distance, the non-synaptic Glu signal decreases in amplitude and increases in duration relative to the synaptic transient 139 . Non-synaptic NMDA receptors may differentially function as mediators of excitotoxicity 26 . The activity of non-synaptic NMDA receptors is probed in connected neurons (cultures or slices) with chemical or electrical stimuli delivered after synaptic receptors had been blocked by light synaptic stimulation in the presence of a long-lasting open channel blocker (MK-801; see the figure, part a). The residual NMDA receptor response after washing out the blocker (red) presumably originates from non-synaptic receptors 140 . This approach lacks the temporal and spatial resolutions that are necessary for mechanistic investigations of non-synaptic receptors.
Non-synaptic-like macroscopic responses are examined by recording whole-cell or excised-patch currents (see the figure, part b) during controlled exposure to an agonist to elicit a sustained current (1-5 s). The flow of perfusate can be switched within 100-400 ms with solenoid valves; for receptors with desensitization times in the millisecond range, this technique affords sufficient temporal resolution to study desensitization and resensitization kinetics. However, given the long recording times, the electrode solution 'replaces' the intracellular cytosol and may affect channel activity. Alternatively, non-synaptic-like currents can be examined in intact cell-attached membranes. This method enables observations with the highest time resolution and duration (up to hours), and can be minimally invasive. However, switching external solutions is impracticable, and the initial phase of current is lost during seal formation; in addition, mechanical deformations imposed onto the membrane and extracellular matrix may affect channel activity. 
Binding reaction
The physical association between two initially separate entities; it describes the transition from apo (unbound) to liganded receptor states.
Rate constants
Numbers that define the frequency with which transitions occur. They are expressed in s −1 for isomerization reactions.
transformations that produce the observed current fluctuations. The activation reaction of each NMDAR can be imagined as a sequence of stepwise elementary changes in function; still, because the underlying transformations cannot be observed directly with the available experimental methods, they must be deduced with modelling approaches
. The goal of kinetic modelling is to delineate the elementary steps that produce the observed signal and the timing with which these steps occur. For each transition, mass action defines the time-dependent occupancies of the initial and final receptor states and the composition of the system at equilibrium; thus, once established by extensive testing against experimental observations, a kinetic mechanism can be tremendously useful in characterizing the unitary steps that are responsible for salient features of the macroscopic signal and can predict new behaviours that are either inaccessible experimentally or have escaped detection. A comprehensive kinetic mechanism describing the entire range of native conformations is far too complex for practical value. Thus, the most useful models are those that accurately represent the underlying mechanism with the minimal level of detail that still accounts for the observed signal.
Modelling with conceptual models. As with all ligandgated channels, the NMDAR activation reaction must include an agonist-binding reaction and a pore-opening reaction, which are linked
. For each elementary reaction, relatively simple mathematical relationships define how the postulated states are occupied in time. With a mechanism in hand, experiments can be designed to measure system-specific parameters, such as ligand affinity and response kinetics. However, when linking two such elementary reactions, thermodynamic arguments require full reaction cycles (BOX 3) such that both the number of parameters that define state occupancies in time and the complexity of their mathematical relationships increase rapidly, rendering the system opaque to experimental observation 59 . In practice, mechanisms of ligand-gated channels are rarely represented with full thermodynamic models; instead, empirical simplifications are sought.
For NMDARs, a feasible mechanism must account for three critical observations. First, activation requires two agonist molecules 60 , and agonist affinity has an effect on the decay kinetics 61 ; second, competitive antagonists prevent glutamate-elicited currents if applied before the glutamate stimulus but are ineffective if applied after the agonist is removed 61 ; and third, during sustained glutamate exposure, NMDAR currents decline substantially from an initial peak level to a steady-state level 62 . With these considerations, two glutamate-binding steps must precede channel openings; channels must close before glutamate can dissociate and glutamate-bound receptors can desensitize. To account for these observation, Lester and Jahr 63 proposed a kinetic model in which receptors (which are assumed to be saturated with glycine) bind sequentially to two molecules of glutamate, and the resulting doubly liganded, closed receptors can isomerize into either active or desensitized conformations, from which glutamate cannot dissociate (FIG. 3a, left panel) . By fitting this model to synaptic-like macroscopic responses, one can estimate rate constants for the three postulated equilibria: binding, gating and desensitization [63] [64] [65] . Over the past 20 years, this and other versions that were expanded to include glycine binding-dissociation steps 60, 66 have been used to characterize and differentiate native and recombinant NMDARs, to identify the rate
Box 3 | Modelling the operation of ligand-gated ion channels
The first reaction mechanism proposed and tested for a natural process describes a bimolecular binding reaction between molecule A and molecule B as a reversible process governed by the law of mass action (see the figure, part a) . In this system, a simple set of mathematical relations describes the time-dependent and steady-state distribution of molecular species in solution relative to initial concentrations and the rate constants for the binding (k on ) and dissociation (k off ) reactions.
The first reaction mechanism proposed for the gating of an ion channel describes the process as a reversible isomerization (see the figure, part b) between an inactive (non-conducting) species (AB) and an active (ion-conductive) species (AB*) 141 . In this model, the rate constants for the channel-opening (β) and channel-closing (α) reactions fully determine the time-dependent and steady-state occupancies of each state.
The minimal reaction mechanism to describe the binding-dependent activation of a protein connects an initial binding step with an isomerization step. In a fully reversible system, this mechanism must include four reactions, describing ligand binding-dissociation reactions for the resting and active conformations, and conversely, activation-deactivation reactions for the apo (unbound) and liganded states (see the figure, part c) . The timedependent and equilibrium occupancy of the bound, active conformation AB* is governed by a complex set of equations. The occupancy of any state depends on all eight rate constants and can be determined experimentally only in limiting conditions. For example, the shaded coupled reactions (A + B → AB → AB*) represent the classic Michaelis-Menten model for enzyme-catalysed bimolecular reactions, for which mathematical relations have been derived and tested successfully. k -, agonist dissociation rate constant; k + , agonist association rate constant; K D , dissociation constant. 
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Reaction mechanism
The pathway of energy changes that are experienced by a molecule during a conformational or chemical transformation; it postulates numerous elementary states in which the system can be found, how these states can interconvert and the rates with which these steps occur. constants sensitive to drugs and mutations, and will continue to be useful for comparison and classification purposes 60, 63, [67] [68] [69] [70] [71] [72] . However, if used to simulate single-channel currents, this conceptual model predicts open and closed duration distributions with no obvious relationship to experimental observations 37, 43, [73] [74] [75] [76] [77] [78] (FIG. 3b) .
Open states
Modelling with statistical models. At the single-molecule level, NMDAR currents are relatively easy to detect; by contrast, their opening patterns are complex and pose steep modelling challenges. When classified by their lifetimes, each of the open and the closed classes of events have multiple kinetic constituents, indicating that the reaction mechanism must include several open and closed states 51, [79] [80] [81] . To manage this complexity, selecting experimental conditions helps to isolate portions of the activation mechanism. For example, when stimulated with brief synaptic-like pulses, or when recording equilibrium activity in very low concentrations of agonist, receptors cycle primarily among states that directly connect the resting and open states, thus providing clues about the activation-deactivation sequence. Alternatively, recording equilibrium activity in very high concentrations of agonist, binding-dissociation events are experimentally invisible, and desensitized events are separated statistically to focus on the gating reaction. 63 . Minimal model (right panel) required to describe one-channel currents also includes two sequential glutamate-binding steps, followed by a complex gating sequence (red-shaded sequence) [83] [84] [85] , and two desensitization steps (C → D) 44, 89 . b | The conceptual model (Model Con ; light blue line, left)) fits well with the rise and decay of recorded synaptic-like macroscopic current (patch; dark blue line, left) but not the distribution of closures observed in one-channel currents (centre compared with right records and graphs). The statistical model (Model Stat ; red line, left) estimates well both the synaptic-like current and the single-channel event distributions. Both models predict monoexponential decay for the synaptic-like current and are therefore too simple to fully account for excitatory postsynaptic currents of NMDA receptors. c | Traces were simulated in response to the 'average' statistical models reported for GluN1-GluN2A 88 , GluN1-GluN2B 44 , GluN1-GluN2C 45 and GluN1-GluN2D receptors 99 (shown left to right in the figure); they predict substantial differences in peak open probabilities (P 0 ), overall kinetics and charge transferred in response to synaptic-like (far left and second right panels) and non-synaptic-like (second left and far right panels) applications of glutamate and glycine (thick grey lines) after initial equilibration with glycine only (thin grey lines).
Desensitized states
Families of conformations defined functionally by their inability to bind to or dissociate from an agonist and their inability to pass current; for glutamate receptors, qualifying structures must have the glutamate-binding cleft in a tight binding-incompatible conformation and the pore closed (non-conducting).
Modes
Distinct patterns of activity that can be discerned in the single-channel record of almost all ion channels; each kinetic pattern or mode reflects a unique reaction mechanism, characterized by different numbers or arrangements of states or/and different values for particular rate constants.
Open probabilities
Parameters used to express quantitatively the activity of ion channels; they express the fraction of time during which the channel is open and allows ionic flow.
Single-channel record
Document that represents a digital sampling of electrical currents produced by the opening of individual channel proteins; it can register the activity of one or several simultaneously active channels.
In synaptic-like recordings, data show two principal closed durations, strongly indicating that the activation-deactivation pathway must include at least two closed and one open states 82 . In equilibrium recordings, in which many more events can be captured, data show three closed and two open states, thus expanding the activation-deactivation portion of the mechanism to a minimum of five states 83, 84 . The order in which these states are accessed is not immediately obvious; however, several experimental observations limit the many possible arrangements (FIG. 3) . First, NMDARs have relatively long latency to opening, thus favouring a mechanism in which (at least) two slow transitions through closed states precede opening 82 . Second, statistical arguments indicate that the two open states are likely to be connected 83 . However, these requirements are fulfilled by both cyclic 45, 76, 85, 86 and linear 83, 84 arrangements and cannot be discriminated on statistical grounds. Thus, the order in which kinetic transitions occur and their physical correlates remain to be established. For simplicity, we use here the linear activation sequence.
This linear model has been expanded to include glutamate-binding steps 44, 84, 87 , thus providing a more accurate tool to measure microscopic binding kinetics separately from gating transitions, and also to include glycinebinding steps 88 . Last, equilibrium activity recorded with an allosteric modulator that selectively stabilized desensitized states provided evidence for two separate desensitization steps, which are likely to be accessed from separate preopen states 89 . Even when ignoring glycine binding, the resulting model with 9 states (7 closed and 2 open) and 14 independent rate constants (FIG. 3a, right panel) is too complex to be fully determined by measurements under a single experimental paradigm. Instead, the full model is assembled in steps, by first deriving topologies and rates for specific portions of the mechanism and then testing its predictions against a battery of macroscopic behaviours, which includes dose-response and frequencyresponse relationships, kinetics of synaptic-like response, desensitization and resensitization kinetics, and so on.
Both the macroscopic and the microscopic models of NMDAR activation predict with reasonable accuracy the overall duration of the synaptic-like current (FIG. 3a,b) . However, neither accounts for its biphasic kinetics. This is mostly because, in both models, the rate constants are relatively close in value and thus predict smooth monophasic decay. What are the processes that cause the population response to decay with two kinetic phases?
Modelling microscopic heterogeneity. Since the earliest observations of unitary currents in biological preparations, it was apparent that they were kinetically heterogeneous, containing distinct and randomly recurring activity patterns. Because the change in kinetic pattern is abrupt and reversible, it probably reflects a lowprobability conformational change, referred to as modal gating. Little is known about NMDAR modal gating because: modes can only be discerned and separated in microscopic current records; long observation windows are necessary to observe modes; and their number and duration vary from one record to the next. Furthermore, for heterogeneous portions of the record to reflect a true mode shift, the recorded signal must originate from the same channel, thus requiring recordings from onechannel patches. Despite these impediments, evidence is accumulating that modal gating is a universal property of ion channels that shapes their functional output and is biologically regulated [90] [91] [92] . For NMDARs, three modes have been reported to date, which can be classified by open probabilities into low, medium and high 93 . Modes were first noted in NMDAR records as relatively short periods of high open probability 48 . Because the kinetics of the NMDAR single-channel record is complex even within one mode, in practice, modes are generally ignored. One approach is to exclude from analyses portions of the record that stand out as different and to focus on the most prevalent mode 76 ; this approach provides kinetic information for dominant kinetic mode. Alternatively, the entire data set is included and analysed regardless of possible heterogeneity; in this case, the calculated values for kinetic parameters represent weighted averages across the specific modes that happen to be captured in these records 46, 76, 82, 88, [94] [95] [96] [97] [98] . As long as these limitations are recognized and acknowledged, and if the perturbations investigated do not affect the modal transition (or transitions) of the channels, both approaches are valid and useful. However, neither 'mainmode' nor 'average' models predict the biphasic decay of the NMDAR-EPSC (FIG. 2a) .
During an individual mode, the current is well described by schemes having the same number and arrangement of states as the 'average' model (FIG. 3b) but with distinct sets of rate constants 44, 84, 99 . Thus, a tiered model was proposed (FIG. 4a) in which the channel always operates with the same basic mechanism: is initiated by two sequential and identical glutamate-binding steps that are followed by a gating sequence of three closed and two open states, and two desensitized states; in addition, two modal transitions can cause a subset of rate constants in this core mechanism to change for a while. With 27 states and 46 independent rates, this model is too complex to have practical value. Instead, stimulation protocols and recording conditions are selected to drive receptors into certain regions of the tiered model, thus warranting contraction into simpler models. For example, binding reactions may be omitted when recording with suprasaturating concentrations of agonists 83, 86, 100 , and models with only one aggregated open state may be used if the perturbation that is studied does not affect open channel durations 85, 101 . It is important to keep in mind that the mechanism that produces modal behaviour is not known. Nonetheless, evidence supports a role for modal transitions in setting the NMDAR response decay kinetics (FIG. 4b) .
Glutamate dissociation and receptor desensitization have been the only factors demonstrated to control the kinetics of NMDAR current decay 61, 63 . However, using single-channel recordings obtained at several equilibrium subsaturating concentrations of glutamate, and after separating activity by mode, it was ascertained that, although each mode predicted responses with distinct decay times (FIG. 4c) , neither glutamate a b c 400 ms 
GluN1-GluN2B
binding-dissociation rate constants nor desensitizationresensitization rate constants changed with gating mode 44, 84 . Notably, the decay time constants predicted by the low and medium modes were close in value to the fast and slow components of the biphasic synaptic decay, respectively. These observations ushered the hypothesis that the biphasic nature of the NMDAR-EPSC decay reflects receptor populations that gate in separate modes and therefore may be controlled by changing the relative fraction of channels occupying each mode.
This premise was tested by recording one-channel currents in response to brief glutamate pulses. If indeed the population response originates from a mixture of kinetically distinct receptors, the summation of synaptic-like unitary currents would display biexponential decay only when the recorded sequence of activations contains at least one modal shift. Long recordings from one-channel patches stimulated continuously with synaptic-like pulses clearly showed activations with distinct open probabilities indicative of modes. Consistent with the rare occurrence of modal shifts, activations with similar kinetics tended to occur in runs; importantly, when segregated by open probability (mode), the average current of unitary activations decayed with mode-specific monoexponential time course 101 (FIG. 4b) . On the basis of these results, the current view is that the characteristically biphasic decay of synaptic-like NMDAR currents reflects an underlying heterogeneity in receptor gating mode at the time of stimulation. Native receptors display modal gating 46, 48, 101 ; however, whether synaptic receptors truly exist in distinct kinetics modes remains to be tested. In this respect, it will be crucial to discover pharmacological agents or genetic modifications that can shift the modal composition of NMDARs. Periods of low, medium and high gating (shown in the figure in blue, purple and red, respectively) have been identified statistically and separated in one-channel records to estimate mode-specific rate constants 44, 83, 84, 99, 101 . b | Synaptic-like unitary responses (top panels) recorded successively from the same GluN1-GluN2A receptor can be grouped by their pattern of opening consistent with modal gating. The sum currents for each kinetic group have distinct peak amplitudes and decay kinetics (τ L , τ M and τ H ) 101 . c | Statistical models derived from modes observed in GluN1-GluN2A 84 and GluN1-GluN2B 44 single-receptor recordings predict distinct peak open probabilities (P 0 ) and decay times that span several orders of magnitude. Thus, the complex decay kinetics observed for excitatory postsynaptic currents of NMDA receptors and for synaptic-like NMDA receptor currents may reflect molecular (subtype) and kinetic (modes) heterogeneities of the activated receptors. τ H , exponential decay time constant for high modes; τ L , exponential decay time constant for low modes; τ M , exponential decay time constant for medium modes; C [1] [2] [3] 
Simulations
In silico calculations used to predict time-dependent occupancies for kinetic states given a reaction mechanism (model), initial state occupancies and a stimulus defined by duration and amplitude.
Bursts
Sequence of openings and brief closures; for ion channels with the single-channel record containing closures of n distinct durations, n-1 types of bursts can be defined to contain from 1 to n-1 types of closure durations.
Novel insights afforded by statistical models. The decay of the NMDAR-EPSC has been widely investigated owing to its biological significance but also because it can be readily measured experimentally and compared across preparations and conditions. From a biological standpoint, the total charge transferred by an NMDAR-EPSC, which also defines the amount of Ca 2+ entering the cell, is crucial for physiology; however, it is rarely reported because it is more challenging to measure. The charge injected depends not only on the response time course of the channels but also on their open probability, which is difficult to estimate from macroscopic measurements. In this arena, statistical models are powerful instruments because they estimate absolute values for a range of metrics, including channel open probabilities, time course and charge transfer.
For example, it is well established that the decay time of the NMDAR-EPSC becomes much shorter as a synapse matures, and this functional observation has been correlated with decreased GluN2B and increased GluN2A expression 102, 103 . However, it remains unclear whether and how changes in expression of GluN2 subunits affect the amount of charge that is transferred by the NMDAR-EPSC. Statistical models suggest that, for a constant number of GluN1 subunits, a change in receptor type from GluN2B to GluN2A will not only shorten the decay time course but will almost double the current amplitude while maintaining a similar charge influx (FIG. 3c) ; these predicted differences may contribute to the reported subtype-specific cellular consequences and therefore are worthwhile testing. Furthermore, statistical models can help to better understand how non-synaptic NMDARs contribute to cellular physiology. For these receptors, differences in equilibrium open probability and their sensitivity to drugs and mutations that affect the extent of desensitization are crucially important. Statistical models can help to estimate differences in the levels of sustained current passed by different receptor types (FIG. 3c) .
Results from simulations with statistical models were first to suggest that NMDAR current amplitudes may depend on stimulation frequency. For GluN1-GluN2A receptors (FIG. 3a, right panel) , the statistical model predicts that, once receptors become fully liganded, the probability that they will continue along the activation reaction and eventually open is almost equal to the probability that at least one glutamate molecule will dissociate to abort a response. This quantitative relationship ensures that, after a brief (1 ms) glutamate pulse, only half of the receptors stimulated will contribute to the peak current, whereas the other half can only be engaged with longer pulses (>10 ms) or high-frequency bursts (>50 Hz). This was validated experimentally, thus confirming the veracity of the statistical model and revealing a new feature of NMDAR output 84 . This novel property may be important in defining the relationship between stimulation frequency, synaptic state (defined by the types and kinetic modes of the NMDARs expressed) and the ensuing synaptic plasticity. It is important to keep in mind that endogenous modulators, cellular factors and mutations may differentially affect individual transitions within a reaction scheme, changing not only parameters that have been classically measured, such as decay time, but also previously unsuspected properties, such as modal gating and frequency discrimination 93 .
Physiological application of models. Kinetic models are valuable tools to relate biologically salient features of the NMDAR output to elementary transitions implied by the kinetic mechanism and, further, to the atomic details of the structural mechanism. Notably, they help to anticipate how mutations and pharmacological agents affect the output and to delineate the mechanism by which changes occur. The two following examples illustrate this point.
Glycine and zinc are crucial endogenous modulators of brain activity and have been implicated in neuropathologies 104, 105 . Both modulate excitatory transmission 106 in part by modulating NMDAR currents 62, 107 . Macroscopic recordings showed that zinc is an allosteric modulator of NMDARs 108 and helped to locate the residues that are responsible for high-affinity binding to the aminoterminal domain of the GluN2A subunit 109, 110 . Genetic disruption of this binding site produced animals with altered synaptic transmission and heightened pain response, thus demonstrating a physiological action of zinc mediated by the high-affinity binding site of GluN2A on NMDAR-EPSC and animal behaviours 34, 111 . Mechanistic investigations including kinetic modelling of macroscopic and single-channel currents concluded that ambient zinc reduces channel open probability by slowing the activation reaction to produce smaller synaptic-like currents that decay faster 98, 112, 113 . Structural investigations confirmed the location of the zinc-binding site and are consistent with a mechanism by which zinc binding to the N-terminal domain of GluN2 induces cleft closure that is transmitted to the glutamate-binding domain and presumably to the gate 21, [114] [115] [116] . A future goal is to complete molecular dynamics simulations in tetrameric receptors to fully link changes in domain structures to specific kinetic steps within the activation reaction, as well as to macroscopic features of the synaptic-like response.
Glycine is required for the activation of NMDARs 62, 117 and, although difficult to measure in vivo, is believed to be widely present in the CNS interstitial fluid 118 , in which fluctuations in its concentrations influence the activity of NMDARs 119 . Macroscopic recordings show that, in subsaturating concentrations of glycine, glutamate-elicited currents are smaller and desensitize faster. Conceptual models fitted to these data are consistent with a mechanism by which glutamate binding decreases the glycine affinity of the receptors 60 , an example of negative cooperativity possibly explained by inter-subunit ligand-binding domain interactions. However, kinetic analyses and modelling of single-channel currents show no evidence of agonist cooperativity; instead, they suggest that the pre-open states (C 1 -C 3 in FIG. 3a) from which glutamate and glycine dissociate to terminate the response (C 3 → D 1 and C 2 → D 2 ) are kinetically and topologically distinct (C 3 and C 2 , respectively) (FIG. 3a, right panel) . The resulting model predicts correctly that, in subsaturating concentrations of glycine, synaptic-like currents decay faster and display deeper desensitization during high-frequency stimulation 88 .
The glycine-binding site is located on the ligand-binding domain of GluN1 subunits 117, 120 , where it may function to stabilize cleft-closed conformation, as illustrated by functional measurements and atomic simulations with isolated GluN1 ligand-binding domains [121] [122] [123] . However, similar investigations on tetrameric receptors will be necessary to elucidate whether glycine occupancy affects receptor activity by changing the glutamate-binding site or by influencing the gate independently.
Magnesium, a ubiquitous endogenous ion, crucially regulates NMDAR currents. Notably, Mg 2+ binding in the channel pore directly blocks currents in a voltagedependent manner 52 . Evidence suggests an asymmetric trapping block mechanism 124 , which is further complicated by biphasic, fast and slow dissociation rates that are subunit specific 125 . For practical reasons, most modelling studies have been done in low or Mg 2+ -free media 44, 76, 84, 85 . For this reason, it remains unclear how, in addition to blocking current, Mg 2+ binding influences channel gating. Given the crucial significance of Mg 2+ block and modulation of NMDAR activity in brain function, it will be important to describe these phenomena with detailed kinetic models. Similarly, there is a strong clinical interest in the actions and mechanisms of other NMDAR blockers, such as ketamine and memantine, as effective, fast-acting antidepressant 77 and as corrective of cognitive deficits associated with mild Alzheimer disease 126 , respectively. Detailed characterization of their mechanism will help to better understand their therapeutic effects.
Structural basis of kinetic models
Perhaps the most baffling aspect of statistical models of NMDARs is the multiplicity of their kinetic states. Structural models show that functional NMDARs consist of at least nine defined modules that maintain function in isolation: four N-terminal domains, four ligand-binding domains and one pore domain. Even if we imagine each module in only two conformations, resting and active, the resulting possible combinations predict a large array of discrete structures, which may differ in their stabilities and functional properties. This diversity is supported by cryo-electron microscopy data; they revealed an assortment of closed and open liganded conformations differing primarily in the relative positioning of the extracellular modules, of which the resolved structures represent only 60% of observations 21 . However, these static data offer no information about the sequence in which these structures occur. Molecular dynamics simulations are also unlikely to reveal how these structures interconvert partly because of an inability to simulate the relatively slow (ms to s) transition rates that are predicted by the model with current computation power 127 . in FIG. 3a (D 1 , D 2 or C 1 ), or open states; thus, these states may represent receptors with all ligand-binding pockets closed. Mutagenesis identified structural elements that are crucial for receptor activation. Decoupling ligand binding from pore movements by inserting glycine residues in the connecting linkers selectively perturbed activation, as revealed by single-channel analysis of these constructs 97 . Similarly, constraining the movement of transmembrane helices relative to pore axis severely perturbed gating, illustrating the importance of these elements in the activation pathway 100 . However, it remains unclear how to integrate these additional conformational changes in the kinetic model.
Conformational changes in functional NMDARs are detected in functional receptors by measuring the relative distance between fluorescent probes. These studies were successful in identifying specific structural differences between NMDAR subtypes 128 , caused by allosteric modulators 114, 115 , and agonist binding [129] [130] [131] . Currently, the sampling intervals required to capture submillisecond transition rates limit the reach of these optical approaches; similarly, limited spatial resolution precluded imaging transitions in single GluRs; however, the success of single-molecule fluorescence resonance energy transfer (FRET) in other channels 132 may indicate feasibility for NMDARs as well.
Combining optical measurements with current output helps to develop and test hypotheses that assign specific conformational changes to individual transitions postulated by the statistical model. Furthermore, computational dynamics modelling based on the available NMDAR structures will provide more detailed structural models of activation 127, 133 . As longer timescales become accessible, this approach promises to bridge the current gap between structural and kinetic models of gating.
Non-ionic outputs of NMDARs
Historically, NMDAR signals have been measured electrophysiologically as excitatory currents or optically as changes in the levels of intracellular Ca 2+ (FIG. 1b) . These approaches reflect the prominent NMDAR function as excitatory Ca 2+ -permeable receptors. Recently, two groups have reported evidence that agonist binding to NMDARs can launch intracellular signals that are independent of current flow. Glycine binding to the GluN1 subunits triggers reactions that prime NMDARs for clathrin-mediated endocytosis, a form of synaptic plasticity 134 . Conversely, agonist binding to GluN2 subunits causes conformational movements in the cytoplasmic domain and initiates
Resting states
Families of conformations defined functionally by their ability to recognize and bind to an agonist and their inability to generate an electrical signal; for glutamate receptors, qualifying structures must have the glutamate-binding cleft in an extended binding-compatible conformation and the pore closed (non-conducting).
downstream cellular processes that result in long-term synaptic depression, even when GluN1-binding sites and/or channel pores are blocked 129, 130 . The statistical model predicts that glycine and glutamate dissociate from receptor states (C 2 and C 3 in FIG. 3a, respectively) with distinct lifetimes 88 . Although how these states differ structurally is unknown, it is plausible that resting, liganded receptors differ not only in the atomic arrangement of extracellular domains, as demonstrated by crystallography and functional imaging, but also in the arrangement of cytoplasmic domains, which currently remain unresolved. If this is indeed correct, the converse may be true as well: intracellular interactions that change the position of cytoplasmic domains will affect the sensitivities to agonists of the receptors. Thus, the output of synaptic and non-synaptic receptors may be distinct not only because of differences in agonist exposure but also because of the different atomic arrangements of the resting states that are due to interactions with cellular factors.
A role for NMDAR conformational changes as the sole mediator of signal transduction adds a new level of interest to the electrically silent portion of the NMDAR activation reaction. Integrated electrophysiological and optical approaches promise to offer valuable information about electrically invisible portions of the model.
Conclusions and future perspectives
NMDARs mediate a substantial proportion of neural signalling. More than 50 trillion brain synapses are glutamatergic, and NMDAR currents consume 25% of the energy required by cortical neurons at rest 135 . To understand how NMDAR signals arise, it is important to delineate not only the general mechanisms of NMDAR activation and modulation but also the details that allow NMDARs to produce their rich repertoire of electrical and conformational signals. The activation mechanisms of several diheteromeric NMDAR representatives have been investigated in detail. To date, little to no information is available about the functional output and operation of triheteromeric receptors. Given that they may represent a substantial fraction of native NMDARs, moving forward it will be important to investigate the output and operational mechanisms of these receptors as well 136 . A large body of work demonstrates that, although NMDARs share substantial sequence homology with AMPARs and kainate receptors, their output and operation are remarkably distinct. To delineate the basis of their separate mechanisms, it will be important to focus more on the structural differences between receptor classes. NMDAR mechanisms represent valuable tools in delineating the structural correlates of function. To date, structural information exists for several atomic arrangements of GluN2B-containing NMDARs. Assembling these conformers into classes corresponding to each of the functional states that are identified by kinetic modelling will remain a major line of investigation. Understanding how subtle differences in structure produce changes in specific rate constants holds enormous promise in rationally controlling NMDAR signals and may herald a new era of precision pharmacology.
